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a  b  s  t  r  a  c  t
Carbon monoxide (CO) intoxication is one of the most common types of poisoning world-
wide,  and may result in neuropathologic sequelae, yet its pathogenesis is not clear and there
is  no optimal management strategy for patients with CO poisoning. In this study, the rat
model of CO poisoning was established in a hyperbaric chamber by CO exposure. Rats were
administered orally N-Butylphthalide (NBP) at a dose of 1 ml/100 g. Neuronal apoptosis was
assessed by TUNEL stain and ﬂow cytometry. The expressions of neurite outgrowth inhibitor
(Nogo), myelin-associated glycoprotein (MAG) and Nogo receptor-1 (NgR1) were observed in
rat  brain tissue by immunohistochemistry and double immunoﬂuorescence staining. As we
expected, CO poisoning could start the mechanism of apoptosis. The number of apoptotic
cells and the early neuronal apoptosis percentage (EAR) were signiﬁcantly increased at 1 day,
3  day after CO exposure. NBP treatment obviously reduce neuronal apoptosis and the EAR
(P  < 0.05). CO poisoning could induce Nogo, MAG and NgR1 expressions. The increased Nogo,
MAG and NgR1 proteins were still observed at 4 week after CO poisoning. NBP could signiﬁ-
cantly  reduce the levels of Nogo and NgR1 proteins. Then we suspected that the expressions
of  Nogo, MAG and NGR1 proteins might be associated with brain injury and demyelinationinduced by CO poisoning. NBP might inhibit neuronal apoptosis and the EAR, down-regulate
the  expressions of Nogo and NgR1 proteins (but not MAG), and play a neuro-protective role
in  brain damage after acute CO poisoning.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC
Abbreviations: CO, carbon monoxide; NBP, N-Butylphthalide; HbCO
ogo,  neurite outgrowth inhibitor; MAG, myelin-associated glycoprotei
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 d p h954  e n v i r o n m e n t a l t o x i c o l o g y a n
1.  Introduction
Carbon monoxide (CO), an odorless, tasteless, and colorless
gas, is the second most common environmental pollutant
after carbon dioxide. The annual death rate for accidental CO
poisoning still ranges from approximately 50 in the United
Kingdom to 2700 cases in the United States (Walker and Hay,
1999; Hampson and Weaver, 2007; Gallego et al., 2009). Neu-
rologic sequelae, including the acute brain damage and the
delayed encephalopathy, are the most serious complication
after CO poisoning. Studies have showed that extensive brain
demyelination can be detected in many  patients with CO poi-
soning. These demyelination changes mainly lie in parietal
and occipital cortex, semi-oval center, white matter around
lateral ventricles and globus pallidus (Hou et al., 2013; Doi
et al., 2012). The severity of CO poisoning determines the dam-
age extent of the deep white matter and nerve group, as well
as the occurrence possibility of the delayed encephalopathy.
The related molecules of Nogo/NgR pathway, as the most
important inhibitory factor of axonal growth, are activated
after ischemia and hypoxia, and inhibit nerve regeneration
and remodeling. Whether these factors are associated with
brain damage and demyelination induced by CO poisoning
is not elucidated. In recent years, the optimal management
strategy for patients with CO poisoning has been extensively
debated among emergency care physicians, critical care spe-
cialists, and toxicologists, and the use of hyperbaric oxygen
therapy (HBOT) has become more  widely accepted. However,
the preventive role and the indications for HBOT in the acute
setting and delayed encephalopathy cases are still controver-
sial (Garrabou et al., 2011; Clower et al., 2012). It is imperative
that novel effective neuroprotective drug be designed for
the patients with severe CO poisoning. Several unblinded
non-randomized trials have suggested that N-Butylphthalide
(NBP) could increase the cerebral blood ﬂow of ischemic area
and the microcirculation of the reconstructive area, improve
the energy metabolism of the whole brain ischemia, inhibit
platelet aggregation, protect mitochondrial function, reduce
oxidative stress and apoptosis, and thus attenuate nerve dys-
function (Wang et al., 2014; Xu et al., 2012). The aim of our
study was to investigate the role of Nogo/NgR pathway and
the neuro-protection of NBP on the injured brain tissue after
CO exposure. We  make a hypothesis that NBP might become a
new treatment strategy in the patients with acute brain dam-
age following CO poisoning.
2.  Materials  and  methods
2.1.  Experimental  model  and  group
Total of 120 adult healthy male Sprague-Dawley rats, weigh-
ing 230 ± 20 g and SPF grade, were obtained from Shangdong
Academy of Medical Sciences, China. The experimental rats
were treated according to the animal ethics guidelines of
the Chinese National Health and Medical Research Coun-
cil (NHMRC). All rats were kept in an air-conditioned room,
and food and water available ad libitum. After being adapted
to the environment for 7 days at the room temperature of a r m a c o l o g y 3 9 ( 2 0 1 5 ) 953–961
25 ± 2 ◦C, rats were selected as a normal control group (NC
group, n = 40), a CO poisoning group (CO group, n = 40) and a
N-Butylphthalide treatment group (NBP group, n = 40) at ran-
dom, then the normal control rats were subdivided into a NBP
control group (n = 20) and a blank control group (n = 20). Rats
in CO group and NBP group were exposed to CO as described
previously (Han et al., 2007; Jiang et al., 2009). Brieﬂy, the rats
were shut in a hyperbaric oxygen chamber and intoxicated
with 1000 ppm CO (Shangdong Gas CO., China) for 40 min,
followed with 3000 ppm CO for another 20 min  until loss of
consciousness. Then they were allowed to breathe fresh air
till consciousness recovery. About 0.3 ml  whole blood was
drawn from the left femoral artery for carboxyhemoglobin
(HbCO) assay after intraperitoneal anesthesia by 3% pento-
barbital injection with a Blood Gas Analyzer (RapidLab, Bayer
HealthCare, Leverkusen, Germany). Rats with coma and high
HbCO concentration (>40%) were regarded as the successful
models of acute severe CO poisoning. During the whole exper-
iment, rats were kept in a homeothermic blanket control unit
(Shandong Apparatus, China) and their core body tempera-
ture maintained at 36–37 ◦C. Five halfway death cases were
removed and not included in the experimental statistics.
2.2.  Treatment  programmes
N-Butylphthalide was dissolved in olive oil with the con-
centration of 6 mg/ml  in advance. Rats in NBP group were
administered orally NBP at a dose of 1 ml/100 g at 2 h after
CO exposure, twice a day till decapitated as described dosage
previously (Li et al., 2015; Peng et al., 2009; Xu et al., 2012). Ani-
mals in CO group were given pure olive oil 1 ml/100 g orally
at 2 h after CO exposure. Rats in the NBP control group were
administered the same dosage of NBP after being adapted to
the environment for 7 days, while those in the blank control
group were given pure olive oil 1 ml/100 g orally.
2.3.  Cell  apoptosis  assay
Five animals in each group were deeply anesthetized and
decapitated at 1 day, 3 day, 7 day and 4 week after CO
exposure. Sequential parafﬁn slices of 6 m thickness were
obtained for cell apoptosis assay. The apoptosis assay was per-
formed according to the manufacture guidance of DendEnd
TUNEL cell apoptosis kit (Santa Cruz company). Some slides
added Deoxyribonuclease I (DnaseI) at a dose of 1 g/ml were
regarded as positive control simple, and those treated with-
out TdT were the negative ones. Under a 400-fold microscope,
the apoptosis cells appeared brown granules in nucleus and
irregular shape. The absorbance (A) value was determined at
four random views in cortex and hippocampus from four serial
slices in a blinded manner with Leica Qwin image  processing
and analysis system (Leica Company).
2.4.  Flow  cytometry  (FCM)
Five rats in each group were anesthetized and decapitated at
the given time points above. The brain was took out com-
pletely on ice. 200 mg of brain tissue was isolated from the
left cortex and cut into pieces after added 0.5 ml  pre-cooled
phosphate-buffered saline (PBS), then incubated with 1.5 ml























































Se n v i r o n m e n t a l t o x i c o l o g y a n d 
.5% ethylene diamine tetraacetic acid (EDTA) free trypsin at
7 ◦C for 15 min, gently blown, ﬁltered in 1.5 ml  EP tubes with
00 mesh strainer on ice, and centrifuged with 12,000 r/min for
 min  at 4 ◦C, then abandoned the supernatant. The cell con-
entration was adjusted into 1 × 106/100 l with 1× Annexin
inding buffer, dyed with Anexin V-FITC apoptosis detection
it (KeyGEN Biotech. Co. Ltd., Nanjing, China). Flow cytometry
as performed within 1 h by a FACScan Calibuer (Becton Dick-
nson Medical Devices Co. Ltd., USA). The procedures were as
ollows: total of 100 l ﬂow cytometry suspension was taken
nto an EP tube, added 5 l Annexin V (AV) and 1 l Propidium
odide (PI) at room temperature for 15 min, then dropped 500 l
BS and ﬁltered into a glass tube with 200 mesh strainer on
ce. Apoptosis percentage was detected with excitation light
f 488 nm and reception light of 535 nm and 575 nm,  respec-
ively. The early apoptotic ratio (EAR) of each specimen was
nalyzed and repeated three times using FlowJo 7.6 software
ystem.
.5.  Immunohistochemical  assay
yelin-associated glycoprotein (MAG)  monoclonal antibody
ere purchased from Santa Cruz company. All procedures
ere performed strictly in accordance to the manufacture
irections. Those, with brown granular in cytoplasm or
ucleus under a light microscopy, were considered as MAG
ositive cells. Negative control slides added 0.01 mmol/l PBS
containing 1:200 blocking serum of non-immunized animals)
nstead of primary antibody has no immunological reaction.
nder a 400-fold microscope, four non-overlapping views
ere selected randomly in the left cortex and hippocampus
rom four serial slices in each rat. MAG antibody was diluted at
:100. The A value of each view was determined in cortex and
ippocampus with Leica Qwin image  processing and analysis
ystem.
.6.  Double  immunoﬂuorescence  staining
eurite outgrowth inhibitor (Nogo) and Nogo receptor-1 (NgR1)
onoclonal antibody were purchased from Santa Cruz com-
any. For double immunoﬂuorescence staining experiments,
our serial parafﬁn slices from the same tissue were reacted
ith primary antibody of Nogo and NgR1, and further stained
y different agent, respectively. According to the different
fﬁnity of the two proteins to FITC or CY3, Nogo (SABC-
ITC) was deﬁnited as the ﬁrst colorating antibody, and NgR1
SABC-CY3) as the second according to the shade of coloration.
ith laser excitation of 488 nm and reception of 510–530 nm
avelength, Nogo positive cells appeared yellow-green light,
hile with excitation of 568 nm and reception of 600–650 nm,
gR1 positive cells showed red under a 400 fold ﬂuorescence
icroscopy.
Double staining steps: parafﬁn sections were dewaxed,
ydrated with gradient alcohol, repaired antigen in a
icrowave oven, blocked non-speciﬁc binding sites for 20 min,
nd then probed with primary anti-Nogo (diluted 1:100) for
 h at 37 ◦C, biotin-conjugated secondary antibody (1:150) and
ABC-FITC (1:100) 37 ◦C for 30 min, respectively. The sample
as added with anti-NgR1 (1:200), the second antibody (1:100),
ABC-CY3 (1:100), successively, and covered with waterborne m a c o l o g y 3 9 ( 2 0 1 5 ) 953–961 955
mount. Under a 400-fold ﬂuorescence microscope, four non-
overlapping views were selected at random from four serial
slices in each rat. The A values of Nogo and NgR1 expres-
sions in each view were determined with Leica Qwin image
processing and analysis system. Nogo and NgR1 positive cells
were observed in the same views with the excitation light
of different wavelengths under a ﬂuorescence microscope in
order to determine the relationship between the two  proteins.
2.7.  Statistical  analysis
Results were expressed as mean ± standard error of the mean
(SEM, x¯ ± s), and the numbers represented at least three sep-
arate experiments for each group at different time points.
Statistical comparisons were made by analysis of variance
(ANOVA) and the least signiﬁcant difference (LSD) t test. A
P-value less than 0.05 was considered statistically signiﬁcant.
3.  Results  and  discussion
In recent decades, the speciﬁc mechanisms of brain injury
induced by CO poisoning remains unclear although scientists
have done a lot of research. Its mechanism mainly includes
hypoxia, excitotoxicity, binding to intracellular proteins and
disrupting cellular metabolism, lipid peroxidation, deposition
of peroxynitrate, apoptosis, cerebral edema leading to sec-
ondary vascular effects and lactic acidosis, etc. (Akyol et al.,
2014; Ochi et al., 2014). Our study showed that only a very small
amount of apoptosis cells were appeared both in the NBP con-
trol group and the blank control, and there was no signiﬁcant
difference between the two control groups (P > 0.05). A lot of
apoptosis cells, with brown granules in nucleus and irregular
shapes, were seen in brain tissue at early stage (<7 day) of the
CO group, widely distributed in different brain regions, espe-
cially in cortex and hippocampus due to their highly sensitive
to hypoxia. The number of apoptotic cells, together with the A
value, gradually reduced with the extension of poisoning time
(>7 day). Only a very small amount of apoptotic cells could be
seen at 4 week, indicating that the early apoptotic cells may
be gradually lysed and absorbed, while those rest nerve cells
do not suffer further hypoxic-ischemic injury, and their struc-
ture and function gradually recover. After N-Butylphthalide
administration, apoptotic cells were signiﬁcantly reduced, and
there were statistically differences compared with that in the
homologous areas of the CO group at the early stages (<7
day, P < 0.05, shown in Fig. 1), suggesting that NBP can effec-
tively inhibit neuronal apoptosis induced by CO poisoning. No
statistical difference was found as compared cortex with hip-
pocampus at the same time point both in CO group and NBP
group (P > 0.05).
Combined annexin V-FITC with PI staining, we  could eas-
ily distinguish the normal cells (two staining were negative),
the early apoptotic cells (annexin V-FITC positive, PI negative)
and the late apoptotic or dead cells (two staining positive).
Flow cytometry showed that the EAR in normal rat brain tissue
was approximately kept at low level, and there was no signif-
icant difference between the NBP control group 1.45 ± 0.20%
and the blank control group 1.44 ± 0.21%. The EAR was sig-
niﬁcantly increased to 20.38 ± 0.60% at 1 day and reached a
956  e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r m a c o l o g y 3 9 ( 2 0 1 5 ) 953–961
Fig. 1 – The apoptosis cells in different brain regions in rats after CO exposure at different time points. (A) cortex at 1 day in
NC group; (B) cortex at 7 day in NC group; (C) hippocampus at 1 day in NC group; (D) hippocampus at 7 day in NC group; (E)
cortex at 1 day in CO group; (F) cortex at 1 day in NBP group; (G) hippocampus at 1 day in CO group; (H) hippocampus at 1
day in NBP group; (I) cortex at 7 day in CO group; (J) cortex at 7 day in NBP group; (K): hippocampus at 7 day in CO group; (L)
hippocampus at 7 day in NBP group. (M)  the A value of the apoptosis cells in different groups at the given time points. Each
column represents the mean ± S.E.M (n = 5). Scale bar is 30 m.  * compared with the NC group, P < 0.05; #compared with the
CO group, P < 0.05.
peak 28.90 ± 0.46% at 3 day after poisoning in CO group. It
existed statistical differences compared with the NC group
(P < 0.05). NBP treatment could reduced EAR to 7.93 ± 0.30% and
8.37 ± 0.32% at 1 day and 3 day. There were signiﬁcant differ-
ences between the NBP group and the CO group (P < 0.05, Fig. 2),but no statistical difference was found at 4 week between the
two groups (P > 0.05). These data suggest that NBP can inhibit
the early neuronal apoptosis induced by CO poisoning. The
early application of NBP may beneﬁt the recovery of neuronal
function after CO poisoning.
e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r m a c o l o g y 3 9 ( 2 0 1 5 ) 953–961 957











oroup; (D) 3 day in NBP group.
The spontaneous recovery of function after injury in
dult central nervous system (CNS) is limited due to several
roteins, such as Nogo, MAG and oligodendrocyte myelin gly-
oprotein (OMgp), that have repulsive or inhibitory effects on
eurite growth in microenvironment. Nogo family has at least
hree isoforms, namely Nogo-A, Nogo-B and Nogo-C. Nogo-A is
he largest isoform of the Nogo/RTN4 (reticulon 4) proteins and
as been characterized as a major myelin-associated inhibitor
ig. 3 – The expressions of MAG protein in each group at differen
C) 1 day of CO group; (D) 1 day of NBP group; (E) 7 day of CO grou
f NBP group (Scale bar: 30 m).of regenerative nerve growth in adult CNS.  Nogo-A mainly
expresses in oligodendrocytes, and also in some neuronal sub-
populations, particularly in the developing nervous system.
NgR is the co-receptors of Nogo-A, OMgp and MAG. By binding
to their co-receptors NgR, the three molecules play inhibi-
tion in regeneration of the damaged CNS (Huang et al., 2012;
Kern et al., 2013). It has demonstrated that NgR expression
increased in axon at early stages of cerebral ischemia, reached
t time points. (A) 1 day of NC group; (B) 7 day of NC group;
p; (F) 7 day of NBP group; (G) 4 week of CO group; (H) 4 week
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Fig. 4 – The expressions of Nogo protein in each group at different time points. (A) 1 day of NC group; (B) 7 day of NC group;
(C) 1 day of CO group; (D) 1 day of NBP group; (E) 7 day of CO group; (F) 7 day of NBP group; (G) 4 week of CO group; (H) 4 week
up. E
ith tof NBP group; (I) the A value of Nogo expression in each gro
30 m.  * Compared with the NC group, P < 0.05; #compared w
a peak at 1 day, and then began to decline gradually. The con-
sistent variation could be detected both in protein and mRNA
expressions of Nogo-A, NgR and their downstream effector
molecules RhoA (Liu et al., 2014; Ueno et al., 2012). Cheatwood
et al. (2008) and Po et al. (2012) studies have shown that Nogo-
A protein expression was varied at different time points and
in different brain regions in adult rats after cerebral ischemia.
Nogo-A protein expression gradually increased and reached
a peak at 28 day after MCAO. They believed that NgR played
an important role in maintaining the stability of neuronal cir-
cuits and the plasticity of axons, especially in the late stages
of cerebral ischemia, the increased expression of NgR may be
a compensatory response of neurons around to ischemia, so
as to re-establish neuronal circuits, maintain its stability and
enhance axonal plasticity. Our results showed that only a few
cells expressed MAG, Nogo and NgR1 immunogenicity both
in the NBP control group and the blank control, and there
was no signiﬁcant difference between the two control groups
(P > 0.05). A small number of MAG positive cells could be seenach column represents the mean ± S.E.M (n = 5). Scale bar:
he CO group, P < 0.05.
in cortex and hippocampus in rats of CO group at 1 day. MAG
protein was expressed mainly in oligodendrocytes, and rarely
in neurons. The amount of MAG positive cells were obviously
increased from 3 day to 7 day, as well as their A values, and
still visible at 4 week after CO exposure. Signiﬁcant differences
were found between the CO group and the NC group (P < 0.05,
see Fig. 3). Using the excitation light of different wavelengths
under a ﬂuorescence microscope, we found that Nogo-positive
cells were stained green and NgR1 positive cells were red.
These positive cells scattered in various districts of brain tis-
sue. The number of Nogo and NgR1 positive cells and their A
values were gradually increased in rats of CO group from 1 day
to 7 day. A lot of Nogo and NgR1 positive cells were still seen
at 4 week after CO exposure. Nogo protein widely expressed
in neurons and oligodendrocytes throughout the central ner-
vous system, while NgR1 protein mainly appeared in neurons
of cerebral cortex, hippocampus and pontine, especially in the
proximal axons of cortical neurons (Figs. 4 and 5). Gerald and
Hou argued that delayed encephalopathy after CO poisoning
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Fig. 5 – The expressions of NgR1 protein in each group at different time points. (A) 1 day of NC group; (B) 3 day of NC group;
(C) 1 day of CO group; (D) 1 day of NBP group; (E) 3 day of CO group; (F) 3 day of NBP group; (G) 4 week of CO group; (H) 4 week
of NBP group; (I) The A value of NgR1 expression in each group. Each column represents the mean ± S.E.M (n = 5). Scale bar:


















aas closely associated with extensive demyelination in brain
issue (Geraldo et al., 2014; Hou et al., 2013). MAG, Nogo and
gR1 are the most important inhibitory proteins on neurite
rowth in microenvironment. The increased expressions of
he three proteins might be closely related to delayed encepha-
opathy and extensive demyelination following CO poisoning.
n contrast to the currently used biomarkers, such as glial cell
arker protein (S100), nitric oxide synthase (NOS), serum
euron-speciﬁc enolase (NSE), C-reactive protein (CRP), sol-
ble interleukin 2 receptor (Sil-2R), tumor necrosis factor 
TNF-),  Fas transmembrane glycoprotein and caspase-3, etc.
e insisted that these molecules (NgR, Nogo-A and MAG) could
e used as the biomarkers and the judgment prognosis of brain
amage and delayed encephalopathy after acute CO poisoning
ue to their fast reaction times (<3 day) and a longer duration
at least 4 weeks).
After treatment of N-Butylphthalide, the number of Nogo
nd NgR1 positive cells was signiﬁcantly reduced, especially
t the early setting after administration (<7 day). There wassigniﬁcant difference in contrast to the CO group at the
same time points (P < 0.05), indicating that NBP can effec-
tively inhibit Nogo/NgR activation of nerve cell, and its
neuro-protection could continue at least 4 weeks after CO
poisoning. The early application of NBP may be more  ben-
eﬁcial to the recovery of neurological function for rats with
CO poisoning. Different from Nogo and NgR1, MAG, as the
ﬁrst myelin-associated protein, highly expresses in the oligo-
dendrocytes of the central nervous system and the myelin
cells of the peripheral nervous system and plays important
effect on the formation and repair of myelin. As soon as
the body suffers injury, MAG protein will be quickly removed
from the peripheral nervous system, and its inhibition abil-
ity to axonal growth is often released due to depletion of
MAG, while small amounts of the residue remain to limit
axonal regeneration in the central nervous system (Giger
et al., 2010; Lopez et al., 2011). Suppression of MAG knock-
out may be overshadowed by other more  effective inhibitory
factors.
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Fig. 6 – The relationship of Nogo and NgR1 expressions in rats. (A) Nogo positive cells; (B) NgR1 positive cells. (C)
Co-expression of Nogo and NgR1 proteins in a same view. Scale bar is 30 m.
rOur results showed that MAG levels in NBP group were
slightly decreased, but it lacked statistical signiﬁcance as com-
pared with that in CO group at the same time points (P > 0.05).
It offers a potent evidence that NBP can effectively inhibit the
activity of Nogo and NgR (rather than MAG, or MAG’s  role has
been inundated with Nogo/NgR) and play a neuro-protective
effect against brain damage induced by CO poisoning.
With double immunoﬂuorescence labeling, we found
that almost all of the Nogo-positive cells showed NgR1
immunoreaction, but not all NgR1 positive cells appeared
Nogo immunogenicity in a same view (Fig. 6). These data sug-
gest that Nogo and NgR1 proteins may locate in the same cells,
and be activated simultaneously after CO poisoning. Besides,
CO poisoning could also induce the activation of MAG, and
those NgR1 positive cells which did not appear Nogo immuno-
genicity may be the activated MAG cells or other cell types.
Therefore, we speculated that the growth inhibitory factors,
including Nogo, and the nerve growth factors keep equilib-
rium state under normal circumstances. Once there is the
external stimulation, the internal balance will be upset, and
Nogo will be involved in the neuronal response to hypoxic and
oxidative stress and play the inhibition role of neuronal regen-
eration. N-Butylphthalide can effectively inhibit Nogo (rather
than MAG)  binding with NgR, and thus protect brain tissue
from CO poisoning injury.
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